This study proposes a MEMS microgripper design based on a compliant mechanism, utilizing the multi-input method to obtain greater output force and displacement. The compliant mechanism is very effective because the mechanism has flexible pieces that transmit force or deliver motion. The design domain is formed by the ground structure parameterization of the optimal topology. The goal is to obtain the optimal topology layout through computer simulation. This study combines insights from the topology optimization of the compliant mechanism and the piezoelectric microactuator to design a microgripper and to analyze outputs and displacement with different parameters under topology optimization.
Introduction
In recent years, Micro-Electro-Mechanical System (MEMS) is an important engineering field involving electrical and mechanical functions in hybrid microscale devices in the range of several millimeters to several nanometers.
The potential advantage of miniaturization using MEMS technology lies in its ability to scale down macro components into mass-produced, compact, and unitized micro system devices. MEMS manufacturing are superior to conventional manufacturing because MEMS products have superior sensing and actuating capabilities. At the moment, MEMS devices on the market include pressure sensors, accelerometers, inkjet print heads and optical switching devices with microdevices (1) , microrelays (2) , microgrippers (3) and micromotors (4) currently under development. The novel MEMS products will have a wide variety of applications in engineering, physics, biology, chemistry and other fields.
As the trend towards miniaturization continues, microgrippers will become indispensable tools for handling, manipulating, and assembling micro components from various application fields. Microgripping devices are necessary in many applications, particularly in the assembling process of microscale parts, which may be fashioned from a various material using a number of different micromachining processes.
In this paper, we deal with a design problem of a microgripper actuated by a piezoelectric microactuator. The problem is formulated as a topology optimization problem and is solved by a compliant mechanism. In topology optimization, we define the design domain firstly, and then divide it into a large number of finite elements. These elements are then treated as variables giving the truss element called ground structure parameterization. Next, optimization theory is used to determine which elements are retained in the design domain.
This microgripper is driven by a piezoelectric microactuator that causes movement in the compliant mechanism. The compliant mechanism gives optimum shape and size when the objective function is minimized. The design procedures are depicted in Fig. 1. 
Compliant Mechanisms
Mechanisms that obtain entire or partial motion from the deflections of their compliant parts are termed "compliant mechanisms" (5) . Depending on the configuration, G.K. Ananthasuresh and Mary I. Frecker classify (6) compliant mechanisms into two kinds: lumped complaint mechanisms; and distributed compliant mechanisms (Fig. 2) . In lumped compliant mechanisms, some links or rigid linkage joints may be replaced by elastic members. By contrast, in a distributed compliant mechanism, all links and joints are elastic. Compliant mechanisms possess advantages such as reduced weight, wear, friction, noise, and backlash. Morereover, they do not require rigid-body joints (7) - (9) . Their assembly is also simplified, and they can even be fabricated in one piece. This study considers a type of distributed compliant mechanism for microgripper design. 
1 Topology optimization
Frame elements are deformable in both the longitudinal and transverse directions and therefore can incorporate bending modes. Ground structure parameterization is recommended for the topology synthesis using truss, beam or frame elements. The ground structure parameterization is a set of elements in a grid of points where each point is connected to every other point. The ground structure parameterization is shown in Fig. 3 .
2 Optimization problem
The study considers an arbitrary design domain with the generic loading and boundary conditions shown in Fig. 4 . F 1 is the input force; P 2 is the point of output deformation along the prescribed direction. Ananthasuresh (1994) has proposed a spring model to approximate this force using a spring constant K s , which represents the reaction forces at the output port. For linear finite element models, the output deformation or the mutual strain energy can be used.
The work by the applied external force is often used as a measure of the stiffness of a structure. The optimization can be expressed as a function called "Strain Energy" (SE) (11) .
The matrix form of the SE is expressed as:
Where σ and ε are the stress and strain, respectively, in Eq. (1) and [K] is global stiffness matrix and {U} is global displacement vector in Eq. (2) .
The problem pays attentions to the output displacement at a specific port. The optimization can be expressed as a function called "mutual strain energy" (Mutual Strain Energy; MSE). A unit virtual force is applied at an output port in the direction of the desired deformation. MSE is used as measure of flexibility (11) .
The matrix form is expressed as:
Where the σ d is stress field in Eq. (3), [K] is global stiffness matrix and {V} is global displacement vector when the unit virtual force is applied. Obtaining the gradient of SE and MSE (the object function) is necessary to resolve the optimization problem. Starting from a stationary condition, the function gradients must vanish at an op-timal. The objectives in Eqs. (2) and (4) are differentiated as follows:
Where the x i is width variable of i-th truss element, the SE i and MSE i are the strain energy and mutual strain energy of i-th element in Eqs. (5) and (6), respectively.
When the maximum stiffness of the structure to the applied load in desired, the optimization problem is just reduced to the problem to minimize a single object function SE. When the structure must exhibit maximum stiffness and must generate displacement at a specific port, the optimization problem must be a multi-criteria object function of minimum SE and maximum MSE. This study considers the output displacement at two specific ports. When MSE is negative and SE positive, it implies that when φ(x i ) is minimized, MSE is maximized and SE minimized. Alternatively, MSE and SE can be combined in a ratio-type formulation as:
Subject to:
Where L i is the length variable of the truss element, n is the truss number from the design domain and A c is the area limit of the truss. SE is the strain energy when an external force is applied, while MSE represents the mutual strain energy when a unit virtual force is applied at the output ports. In this context, the thickness of the device is fixed, so the only variables are the width and the length. The terms x i and A c are design variables: x i represents the width of every truss element, A c represents the limitation of the area of the cross section of truss element.
The optimization result for truss width is x i (0 < x i < 1). When the width, or the cross-sectional dimension of the element goes to zero, then that element should be removed. The optimal topology configuration thus appears once the truss width is known. This optimum structure, or "optimal mechanism," will transform the motion and force at specific input and output ports. It represents the optimal design compromise between flexibility and stiffness. In other words, the compliant mechanism is able to generate larger displacement at specific ports while retaining sufficient stiffness to support the load.
3 Optimization method
The optimization problem model of Eqs. (7)-(10) has a nonlinear form. This study uses Sequential Linear Programming (SLP) to solve our problem (12) . The concept of the SLP is to use first-order linear terms in a Taylor's series expansion to approximate the original nonlinear problem. The problem may be represented as an expansion:
When the nonlinear problem is transformed into a linear problem, the new variables are ∆x i . Solving this linear problem should give an initial value x i0 , giving values for the new variables ∆x i . If we define x i0 as updated by ∆x i this gives x i0 +∆x i . Substituting the new x i0 into the problem, we solve for ∆x i again. Optimization is achieved by iterating the above process until ∆x i is smaller than a limited value, whereupon the series converges. The solution procedure of the optimization problem is shown in Fig. 5 .
PZT Actuator
The piezoelectric ceramic element is a component that transfers energy between electrical and mechanical states, making it useful across a range of applications such as sensors or actuators. Two basic phenomena, namely, characteristic of piezoelectric materials, permit them to be used as sensors and actuators for intelligent structures. First, piezoelectric materials are able to generate an electrical response when mechanically stressed (sensors). Second, they yield an inversely high precision motion when an electrical field is applied to them (actuators).
In this study, we uses a PZT-5H driver with the size of 3 000 µm × 2 000 µm area and a thickness of 500 µm to generate force. The conceptual drawing of PZT actuator is shown in Fig. 6 . Figure 7 illustrates the force and displacement relationship with applied voltage. The material properties are listed in Ref. (13), where Eqs. (15), (16), and (17) are the flexibility matrix, the piezoelectric matrix, and the dielectric matrix, respectively.
Our microactuator exerts about 6 mN of force when 20 volts are applied. 
Design the Microgripper
The design definition of microgripper is analyzed in this section. A topology optimization design domain defines the configuration of the mechanism. The parameters defined by the design domain include boundary conditions, domain scale, size of finite elements, force applied at input port, number and direction of output ports, and spring constants K s shown in Fig. 8 , we can define the symmetricity. We consider the system having two inputs and two outputs. Other details of domain definitions are shown in Table 1 .
1 Topology optimization of the microgripper
The whole design domain and the input and output relation under topology optimization in the design of the compliant microgripper are illustrated in Fig. 9 (a) , while Fig. 9 (b) shows one half of the design domain with identical input forces in order to obtain the optimal form. After defining the design domain and determining the microactuator specifications, the next step is to find a solution for the optimization problems Eqs. (7)- (10) to obtain the optimal topology. The ANSYS software package is used to obtain SE and MSE; while MATLAB is used to solve the optimization problem.
MEMS fabrication methods include depositing and etching. In order to simplify fabrication, and to provide sufficient flexibility and thickness for the compliant mechanism, the SU-8 photoresist was chosen. The SU-8 has good mechanical and chemical properties, with a Young's modulus of E = 4.4 GPa and a Poisson's ratio of ν = 0.22 (14) . Based on the aforementioned specifications of the design domain, the results of roughly 500 iterations of topology optimization are illustrated in Fig. 10 . The variation in the element sizes depicted in Fig. 10 represents the various truss widths, where each truss element has a different width ranging from 0 to 1. The topology shape of Fig. 10 is as the basis design of microgripper and build analysis The variation of optimization object function is shown in Fig. 11 . After 500 iterations, the object function converges. The SE and MSE of the object function at output spring constant 100 N/m are shown in Figs. 12 and 13.
In Fig. 14, the 3D model of the microgripper is illustrated. After obtaining the topology optimization profile, we used ANSYS software to construct the calculation model and run simulations on it. In the results of the topology optimization simulation shown in Fig. 15 , the output displacement would move approximately 25 µm in the ydirection at input force 6 mN.
2 Optimization results
This paper describes a new way to use the topology optimization of compliant mechanisms in the design of a microgripper. This microgripper offers easily satisfied drive actuator requirements, optimal structure, and suitability for MEMS fabrication. Our topology optimization problem contains a large number of parameters affecting the topology optimization result, including the input force, and the output port spring constant.
The variation of outputs under various input forces is depicted in Figs. 16 and 17 . In this study, the maximum number of input was four. Microgrippers with larger numbers of input would have increased output results, while the material from which the microgripper was made places an upper limit on output values. Figure 18 shows the would have more output displacement (Fig. 19) . The output requirements for the microgripper can be controlled by varying the spring constant values under topology optimization (Fig. 21 ).
Microgripper Fabrication and Measurement
Microgrippers have been successfully fabricated by Photolithography (15) . The main task of the process is to transfer the mask pattern onto thin films deposited on wafer surfaces, performed by finishing the common sequencing steps in a photolithography room. These steps involve: wafer cleaning; spin coating of the photoresist; soft baking; mask alignment; exposure; and development. Figure 22 is an SEM photo of a microgripper. The thickness of the structure is 500 µm; the size of the microgipper is 1 100 µm × 1 000 µm.
After fabrication, we measured output displacement of a clip part of the microgripper. Figure 23 shows the schematic diagram of the experimental setup. The instrument is set up on a vibration isolation table. The output displacement of the microgripper clip under different ap- Fig. 24 . Figure 24 shows that displacement increases as the voltage increases.
Conclusion
Our distributed compliant microgripper was designed by topology optimization. The compliant mechanism uses an SU-8 photoresist element. This micro compliant microgripper could produce about 16 µm in output displacement when a 20 volt is applied, and has an output spring constant of Ks = 100 N/m. Further work to be done includes correcting errors in the simulation, assembly and characterization of the designed gripper, and the expansion of topology optimization algorithms so that they are able to incorporate PZT and structure behaviors.
